We give a brief review of superconductivity at ambient pressure in elements, alloys, and simple three-dimensional compounds. Historically these were the first superconducting materials studied, and based on the experimental knowledge gained from them the BCS theory of superconductivity was developed in 1957. Extended to include the effect of phonon retardation, the theory is believed to describe the subset of superconducting materials known as 'conventional superconductors', where superconductivity is caused by the electron-phonon interaction. These include the elements, alloys and simple compounds discussed in this article and several other classes of materials discussed in other articles in this Special Issue.
I. INTRODUCTION
Superconductivity was discovered by Kamerlingh Onnes in 1911 in Hg [1] , and in P b and Sn within the next two years [2] . By 1932, T l, In, Ga, T a, T i, T h and N b had also been found to be superconductors [3] . By 1935, 15 superconducting elements were known [4] , 19 by 1946 [5] , 22 by 1954 [6] . Today, 31 elements are known to be superconducting at ambient pressure [7, 8] , many more at high pressures [9] . Critical temperatures of the elements at ambient pressure range from 0.0003 K for Rh to 9.25 K for N b.
Shortly after superconductivity in Hg was discovered in 1911, alloys of HgAu, HgCd HgSn and P bSn were also measured and found to be superconducting [2] . By 1932 [3] , a large number of binary alloys and compounds had been found to be superconducting including Au 2 Bi, with both elements non-superconducting [10] . It was also found that when alloying a non-superconducting metal with a superconducting one T c may be increased. Superconducting binary compounds with one of the elements nonmetallic were found [3] , e.g. N bC, with T c = 10.1 K, a non-superconducting metal with an insulator, CuS, T c = 1.6 K [11] and many other binary compounds, particularly sulfides, nitrides and carbides [3] . These early findings demonstrated that superconductivity is a property of the solid, not of the elements forming the solid. Table 1 gives examples of superconducting compounds discussed in a 1935 review [4] . These experimental results indicated that the energy scale associated with superconductivity was of order k B T c ∼ 10 −4 eV. On the other hand, it was generally believed at the time that superconductivity originated from the electron-electron interaction neglected in Bloch's theory of electrons in single-particle energy bands. Thus a major puzzle was to understand how an interaction many orders of magnitude larger could give rise to the low T c 's measured experimentally.
In Table II we list the 19 superconducting elements known by the year 1946, from a paper by E. Justi [5] .
The table also gives the Debye temperatures as given in that paper. It is interesting that Justi discusses in this paper the possible effect of the ionic mass and Debye temperature on the critical temperature. He reasoned that because lattice vibrations give rise to Ohmic resistance, one might expect a connection between Debye temperature and superconducting T c . However, from the data in Table II he concluded that there is no relation between θ D and T c [5] . In addition he discussed an experiment performed in 1941 [12] attempting to detect any difference in the critical temperature of the two P b isotopes 206 P b and 208 P b and finding identical results to an accuracy 1/1000. From these observations he concluded in 1946 that the ionic mass has no influence on superconductivity.
The possible relation between Debye temperature and superconducting critical temperature was also examined by de Launay and Dolecek in 1947 [13] . In their paper "Superconductivity and the Debye characteristic temperature" they plotted the critical temperature versus Debye temperature. From this they concluded that electronegative elements have T c 's well above the T c 's of electropositive elements of comparable Debye temperatures, except in the range of lowest Debye temperatures where they converge. Combining these data with the atomic volumes they predicted that, at atmospheric pressure, Scandium and Yttrium should not be superconducting (correct) and that Ce, Pr and Nd should be superconducting (incorrect).
In view of these investigations it is remarkable that just three years later in 1950 Herbert Fröhlich proposed [14] that superconducting critical temperatures should be proportional to M −α , with M the ionic mass and α = 0.5 the isotope exponent. This was done without knowledge [15] [16] [17] of the isotope effect experiments [18, 19] being conducted at the same time that measured an isotope exponent α ∼ 0.5 in Hg and shortly thereafter in P b [20] , Sn and T l [21] . Table III lists the isotope exponents of these and several other elements measured since then [22, 23] .
After the experimental findings of an isotope effect, the focus of theoretical efforts to understand the origin of the interaction leading to superconductivity shifted from the electron-electron interaction to the electron phonon interaction. In 1957 BCS developed their theory based on an effective instantaneous attractive interaction between electrons mediated by phonons [24] , that also predicts α = 0.5. BCS theory, extended to take into account the fact that the effective interaction between electrons mediated by phonons is not instantaneous but retarded, is believed to describe the superconductivity of all elements at ambient pressure, and of thousands of superconducting compounds. The tabulation by Roberts (1976) [25] lists several tens of thousands of superconducting alloys and compounds, almost all with critical temperatures below 20K, believed to be described by BCS theory. Much of the focus for superconducting materials is on increasing T c . This is of course important for applications, but as Geballe et al. [26] emphasize, it is also a primary measure of our understanding of the mechanism for superconductivity. In contrast the response of a material to an applied magnetic field is more generic, in the sense that a microscopic theory is usually not required to understand this response. In fact the Ginzburg-Landau theory [27] often suffices to provide a detailed description of the magnetic state, whether the material is type-I or type-II. In a type-I superconductor the magnetic response is perfect diamagnetism, with the magnetic field completely expelled provided the field strength is less than a critical value, H c . At this field value the material reverts to the normal state. In a type-II superconductor, the material exhibits perfect diamagnetism up to a critical field H c1 ; with increasing applied field, flux begins to penetrate the material in the form of vortices. This continues to occur up to an upper critical field, H c2 , after which they become normal [28] . Since H c2 >> H c (by several orders of magnitude), type-II superconductors are most useful in applications that have a magnetic field present. Whether a material is a type-I or a type-II superconductor depends on the so-called Ginzburg-Landau parameter, κ ≡ λ/ξ, where λ is the penetration depth and ξ is the superconducting coherence length. Since the coherence length can decrease with a decreased scattering length, then a type-I superconductor can be made into a type-II superconductor through disorder. There are approximately 30 pure elements that superconduct at atmospheric pressure; three of these, N b, V , and T c are type-II while the rest are type-I. Essentially all compounds are type-II. In Fig. 1 we show some experimental data for the critical fields of (a) a few type-I elemental superconductors, and (b) a few type-II superconducting compounds. Note that while the temperature scale in (b) is about a factor of 3 higher than in (a), the magnetic field strengths in (b) about 1000 times higher than in (a).
III. BCS THEORY AND ITS EXTENSIONS (ELIASHBERG)
The papers in this Special Issue each deal with a particular family of superconductor. By design they focus on the materials and experimental properties, with limited theoretical discussion. As Bernd Matthias said it in the famous 'Science' debate with Philip Anderson [34] , we wanted to focus on 'The Facts'. Nonetheless, as the reader will see from the various contributions in this Issue, it is difficult to examine material properties without an underlying theoretical framework. For example, the McMillan equation [35] comes up in a number of places as a means to understand trends in superconducting T c . We therefore felt it would be useful to provide here a sketch of the 'conventional' theory of superconductivity.
The zero temperature BCS theory [24] consists of a variational wave function, motivated by a collection of Cooper pairs [36] . Using this wave function, and a mean field simplification at finite temperature, one arrives at the simplest form for the superconducting transition temperature, given by
where g( F ) is the density of states at the Fermi energy and V is the effective electron-electron attraction within a range ω D ≡ k B θ D of the Fermi energy. One should take special note that BCS theory is a pairing theory, and in principle, has nothing to say about pairing mechanism. Here, following BCS [24] , a phonon mechanism is implied by the use of a cut off energy, k B θ D . Many extensions of BCS theory are possible beyond this simple model, spanning minor considerations like a non-constant density of states near the Fermi level, to more serious modifications like inhomogeneities (leading to the Bogoliubovde Gennes (BdG) equations [37] ), or an order parameter with nodes, or significant retardation effects (leading to Eliashberg theory [38] ). In discussing superconductivity amongst the elements, Eliashberg theory is required for a quantitative understanding of many of the superconducting properties, so we will expand in this direction below.
BCS theory alone allows us to understand a number of simple but important properties, which we now discuss before moving on to Eliashberg theory. First, as already mentioned, superconducting T c will have an isotope effect, and since T c ∝ θ D , then T c ∝ M −α with α = 0.5. As mentioned already by Geballe et al. [26] , even in the absence of theoretical motivation, Kamerlingh Onnes and Tuyn [39] looked (unsuccessfully) for an isotope effect in Pb in 1923, as did Justi [12] 18 years later; then one was found in 1950 in Hg [18, 19] . BCS theory predicts an energy gap in the single particle density of states; this was confirmed by tunneling measurements a number of years later [40] . Finally, one of the non-intuitive confirmations of BCS theory is the observation of the so-called HebelSlichter coherence peak in the NMR relaxation rate of Aluminum [41, 42] , where the relaxation rate rises initially as the temperature is lowered below T c , before becoming suppressed due to the opening of a gap.
Examples of some experiments with excellent agreement with BCS theory are the tunneling measurements for Al-I-Al junctions (see Fig. 2 ) and specific heat measurements on Al (see Fig. 3 ). There are many others in the literature [45] . It is clear from these examples that Aluminum is the 'poster child' for BCS weak coupling theory. Nonetheless, even amongst the elemental superconductors there exist so-called 'bad actors' whose properties clearly do not conform quantitatively to BCS FIG. 3: Specific heat measurements in both the normal and superconducting states for Al (from Ref. [44] ). Normal state results are achieved by the application of a magnetic field of 300 Gauss. The lightly shaded line and the two vertical lines have been added to indicate the normal state electronic specific heat (γT ) (grey) and the normal state electronic contribution at Tc (γTc) (red) and additional jump at Tc as predicted by BCS theory (∆Ces = 1.43γTc) (blue), respectively. The data in the superconducting state is in very good agreement (slightly lower) than the BCS weak coupling prediction. Adapted from Ref. [44] .
theory. Eliashberg theory was explored in part because of these discrepancies, and the 'poster child' for Eliashberg theory is Lead. Many reviews [46] [47] [48] [49] [50] [51] , have been written on this subject, so here we will highlight some of the experimental manifestations. Note that Eliashberg theory is sometimes called the strong coupling version of BCS theory; this is somewhat of a misnomer, as both are developments with Fermi Liquid Theory as a starting point, and the term 'strong coupling' is generally reserved for situations in which kinetic energy (and therefore Fermi Liquid ideas) is initially ignored. It is more accurate to refer to Eliashberg theory as an extension of BCS theory with retardation effects properly taken into account [52] .
The order parameter in Eliashberg theory becomes frequency dependent and complex. Both of these complications result from retardation effects. One of the immediate manifestations of this theory is a series of nonuniversal results for various properties that are universal within BCS theory. But even the theory for T c becomes more complicated, as epitomized, for example, by the McMillan equation [35, 53] for T c :
where ω n is used as an average phonon frequency, and it and λ are defined by
and
Both of these parameters are related to moments of the so-called Eliashberg function, α 2 (ν)F (ν); this function describes the modes of excitations (in this case phonons) through which electrons effectively attract one another. They do this by emitting virtual phonons, in analogy to the photon exchange for the ordinary Coulomb interaction. But phonon propagation is several orders of magnitude slower than photon propagation, so properly accounting for this time delay means one electron attracts the other not to itself, but to where it used to be. This 'dynamics' also accounts for the smallness of the direct Coulomb interaction between two electrons, depicted by µ * . This repulsion would be overwhelmingly large, except that the two electrons are not in the same place at the same time, when they best take advantage of the virtual phonon exchange. This diminishing effect of the direct Coulomb potential is crucial for phonon-mediated superconductivity, and is known as the pseudo potential effect [54, 55] , with an expression given by
with F the Fermi energy and µ = g( F )U the dimensionless 'bare' Coulomb interaction. Typically F >> ω D , and so µ * << µ, with a limiting value of 1/ ln ( F /( ω D ). This scaling of the Coulomb repulsion is also responsible for making calculations more tractable, as frequencies out to several (say, 6) times the phonon energy scale are required (about 60 meV for Lead), compared with several times the electronic bandwidth (about 2 orders of magnitude higher). A simple model illustrating this can be found in Ref. [56] .
Damping effects are essentially left out of simplifications like the McMillan equation, except for the presence of the mass enhancement factor, 1 + λ, in the numerator of the exponential. This tells us that the electron does become heavier as a result of the electron-phonon interaction, and m * /m ≈ 1 + λ is essentially the weak coupling remnant of the polaronic mass enhancement.
Full solutions of the Eliashberg equations display nonuniversality of various dimensionless quantities as a function of retardation effects. Mitrović et al. [57] identified a dimensionless parameter that grows from zero with increasing retardation effects; this is T c /ω n . As this parameter tends to zero, various superconducting properties tend to their BCS limit. An example is the gap ratio, 2∆ 0 /(k B T c ), and a plot of this property vs. T c /ω n is shown in Fig. 4 , along with some experimental data. Mitrović et al. derived an approximate expression,
which is also plotted as a dashed line. This simple expression clearly captures the essence of the theoretical
The gap ratio 2∆0/(kBTc) as a function of Tc/ω n . The black circles indicate theoretical calculations, with some of the elements and a couple of binary alloys indicated. The unmarked circles refer mostly to various binary alloys [57] . These calculations use an electron-phonon spectral function α(ν) 2 F (ν) and value of µ * extracted from tunneling experiments, or, in some cases taken from calculations [58, 59] . results; note that some of the experimental values are in close agreement with the theoretical ones, while others remain closer to the universal BCS value.
The strongest evidence for the applicability of Eliashberg theory to elemental superconductors comes from tunneling measurements. Very early on observed modulations as a function of frequency in the measured current-voltage characteristics, especially in Lead, were suspected of being due to the electron-phonon interaction. Model calculations [60, 61] confirmed that Eliashberg theory could explain these modulations, and a short while later McMillan and Rowell [62] used Eliashberg theory to invert the tunneling data and extract α 2 (ν)F (ν) and µ * . The latter was fit to a measurement of the tunneling gap edge, for example. An example of the data and the spectrum extracted from this data are shown in Fig. 5 , and explained in that figure caption. Further explanation is available in Ref. [47] .
These have been interpreted as being very strong indi- [47] . The BCS theory expectation value is shown for comparison. In (b) the extracted α 2 (ν)F (ν) is shown (referred to as α 2 (ν)g(ν) in the figure; this is obtained by demanding that the theory reproduce exactly the observed modulations with frequency. Also superimposed is the phonon density of states (denoted g(ν) in the figure) as measured through neutron scattering [63] ; the rough agreement makes it clear that the excitations responsible for the modulations are phonons. Note that a number of consistency checks all prove positive. For example, the spectral function turns out to be positive definite (as it must), the required value of µ * is positive (indicating a competing repulsion and not an additional attractive mechanism) and finally, in part (c) a comparison of the theory (curve) and experiment (points) in the 'multiple-phononemission' region is shown to illustrate the predictive power of the Eliashberg theory [47] . Figures in (a) and (c) are from Ref. [47] and the figure in (b) is from Ref. [63] .
cations of the validity of Eliashberg Theory for elemental superconductors. Probably the 'Achilles heel' for which at the very least further understanding is required is the significant reduction of the direct Coulomb repulsion, manifested in the single number, µ * .
IV. ISOTOPE EFFECT
The simplest BCS prediction for the isotope effect, using Eq. 1 is that the isotope coefficient, α = 0.5. Use of Eliashberg theory does not alter this result, but in either case there will be a reduction in the isotope coefficient due to the interplay between the electron-phonon and direct Coulomb interactions. The reason for the reduction is simple to understand in the following way [23] : for increased isotope mass, while the prefactor in Eq. 2 goes down, therefore causing a decrease in T c , this is offset slightly by the fact that the overall interaction is slightly more retarded than it was previously. This means that the electrons attract one another more effectively, because ω D is even lower compared to the Fermi energy than before, so that T c will increase as a result. The lower T c is, the more effective is this mechanism, and therefore the isotope coefficient will be less than α = 0.5 By the time Garland performed his study in 1963, quite a number of elemental superconductors were known with very low values of α, most notably Ru (see Table III) , and he was able to understand this very low value, along with others, based on a competition between these two effects. A general statement is that the lower T c is, the more likely that the isotope coefficient approaches zero. More complete calculations were performed in Ref. [64] and a comparison with what is inferred from the McMillan equation is provided in Ref. [65] .
Other elemental superconductors exist where a quantitative understanding of the isotope coefficient is still lacking [66, 67] . The case of α−uranium stands out, and has an anomalous coefficient of α = −2 [67] .
In simple compounds the situation is similar. The study in Ref. [64] was motivated by the anomalous isotope effect observed in the Palladium-Hydride system [68] , where T c increases with increasing isotope mass. The isotope effect in compounds requires the notion of a "differential isotope exponent" [64] to determine the contribution from alterations in the electron-phonon spectral function at different frequencies. In the case of a system where the different atoms vary considerably in mass (as in the Pd-H system) then high frequency components can be attributed specifically to vibrations associated with the lighter mass element. Thus one can readily determine the expected isotope effect due to only the HydrogenDeuterium substitution. The isotope coefficient in this case will be reduced from 0.5, but it will never go below zero, and thus cannot explain the experimental result [64] .
We should note that a theory to explain this anomaly was constructed [69, 70] , but it invoked large anharmonic effects to determine superconducting T c and the isotope coefficient α [71] . More recently superconductivity has been found in H 2 S [72] , in a system where anharmonic effects are expected to be even larger, because of the much higher temperatures involved. Here, however, the isotope coefficient does not have an anomalous sign, and is in fact much higher than expected from BCS/Eliashberg theory with harmonic phonons.
V. SUPERCONDUCTIVITY IN THE ELEMENTS
It is generally believed that the 31 superconducting elements at ambient pressure listed in table III are described by BCS-Eliashberg theory, and that the reason the remaining elements are not superconducting is also explained by BCS-Eliashberg theory. However it should be kept in mind that many predictions of BCS theory are not dependent on whether the pairing mechanism is the electron-phonon interaction or some other boson exchange mechanism.
In the previous section we discussed how the deviations from the BCS gap ratio 2∆/k B T c = 3.53 are explained within Eliashberg theory, and Figure 4 appeared to provide strong confirmation of the validity of this interpretation. However, the theoretical steps to obtain both the horizontal and vertical coordinates of each point in Fig. 4 are intertwined in a complicated way. It is interesting to redraw Fig. 4 using only experimental data. In place of ω ln we use the Debye temperature for the horizontal coordinate and for the vertical coordinate we use the experimental values for the gap ratio, both quantities as given in Ref. [73] . The results are shown in Fig. 6 . It is not obvious from Fig. 6 that there is a simple relation between the gap ratio, the critical temperature and an average phonon frequency represented here by the Debye temperature. The reason for the qualitatively different behavior seen in Figs. 6 and 4 is unclear [74] .
There is in principle a well-defined procedure to calculate the critical temperature of an element from first principles BCS-Eliashberg theory. given its lattice structure. One needs to know the Fermi surface, the matrix elements of the electron-phonon interaction and the phonon dispersion curves, to find the parameters that go into the Eliashberg equation. The electronic properties can be obtained from the modern theory of electronic structure of materials based on density functional theory. The phonon dispersion curves are usually obtained from a Born-Von Karman fit to measured phonon frequencies, or alternatively from first principles. However there are many subtleties involved in these calculations. Examples of attempts to explain theoretically the observed critical temperatures of the elements are discussed in what follows.
In an early contribution [58] , Carbotte and Dynes computed the transition temperature of Al using as input inelastic neutron scattering data on phonons and the Heine-Abarenkov pseudopotential for the electronion form factor. Solving the Eliashberg gap equation and assuming the weak coupling BCS relation 2∆ 0 /(k B T c ) = 3.53 they obtained a critical temperature T c = 1.17 K, in remarkable agreement with the experimental value T c = 1.18 K. Using the same scheme the authors predicted [59] that the critical temperature of Na and K should be much less than 10 −5 K, and that the energy gap in Pb is ∆ 0 = 1.49 meV, in good agreement with the measured value 1.35 meV.
Using a similar first-principles approach, Allen and Cohen [75] computed the transition temperature of sixteen simple metals plus Ca, Sr and Ba. They used an isotropic model for the Fermi surface and the phonon spectrum, a Debye sphere for the phonon Brillouin zone, and a variety of different pseudopotentials. They found that the calculated electron-phonon coupling λ and resulting T c is quite sensitive to the details of the pseudopotential, and that the results also depend on the assumed value of the band mass which is quite sensitive to the type of band calculation and form of the pseudopotential used. In addition the results depend on the assumed value of µ * which according to these authors may vary considerably from metal to metal and for which it is difficult to get reliable first principles values. The calculated values of the transition temperatures were found to be surprisingly good in view of all these uncertainties. The results for Pb, Sn, Tl, Hg and Zn were in reasonable agreement with experiment (within a factor of 2). Large disagreement was found for the case of Ga, for which the cal-culations predicted T c < 0.05 K versus the experimental value T c = 1.09 K. This was attributed to a failure of the spherical extended zone approximation used for the phonons [75] . However for the case of Sn the same effect was found to give too large a value of λ and T c . For Li and M g the critical temperatures were estimated to be around 1 K and 10 − 80 mK respectively. The paper concluded by urging that Mg and Li be tested for superconductivity, stating that "The discovery of superconductivity in these materials would be a rather convincing demonstration that the theory of the transition temperature had come of age."
Motivated by this prediction an experimental attempt to test for superconductivity in Li and M g down to 4 mK was made shortly thereafter [76] , with negative results. Several decades later superconductivity in Li at ambient pressure was detected at 0.4 mK [8] . More sophisticated theoretical studies have not been able to resolve the discrepancy for Li [77, 78] , necessitating the assumption of a Coulomb pseudopotential as large as µ * = 0.21 [78] , much larger than the canonical value µ * = 0.1, to account for the observed low T c . M g has not yet been found to be superconducting at any temperature.
In another study [79] , Papaconstantopoulos and coworkers calculated the critical temperature of the 32 metallic elements with Z ≤ 49 using a theory of the electron-phonon interaction formulated by Gaspari and Gyorffy [80] for a rigid muffin-tin model, using experimental values for the Debye temperature obtained from specific heat measurements. T c was calculated from the McMillan formula using an empirical formula for the Coulomb pseudopotential that only depends on the density of states at the Fermi energy. To get better agreement with experiment, the contribution to the electronphonon interaction arising from d-f scattering was reduced by a factor of 2 from its first principles value.
The values found [79] for the critical temperature of Nb and V were 8. = 0.0004 K. Nevertheless the authors concluded that their method can reliably account for all the high temperature superconductors in the first half of the periodic table, and viewed this as a promising step in the direction of predicting new superconductors in more complex materials [79] .
In a similar calculation for Pb [81] , the authors found an ab-initio value for λ which was half the value found experimentally from tunneling experiments. They argued that for Pb the rigid muffin-tin model has to be corrected and proposed a correction term to the rigid muffin tin potential. Imposing the constraint that its Fourier transform of this term yields the correct limit as the wavevector q → 0 they obtained a renormalized λ which was in excellent agreement with experiment.
An ab initio calculation of superconducting transition temperatures using the rigid muffin tin approximation was performed by Glotzel, Rainer and Schobern [82] The papers discussed above [58, 59, 75, 79, 81, 82] are among the most prominent early attempts to calculate T c 's of elements from first principles. To learn what has been achieved since then in that respect we looked at all the papers citing these seminal works. There are a few more recent calculations of T c 's of elements that report improved agreement with experiment [83] [84] [85] [86] [87] [88] [89] [90] [91] . However, by and large the interest of the leading practitioners of this science/art and their disciples shifted to calculate critical temperatures of more complicated materials, some of which will be discussed in other papers in this Special Issue. As a consequence, we face the somewhat disconcerting situation that the calculation of critical temperatures of the simplest materials, the elements at ambient pressure, within conventional BCS-Eliashberg theory, does not seem to be developed to a stage where it can predict the observed T c from first principles. This situation, recognized and termed "superflexibility" by D. Rainer back in 1982 [92] , does not appear to have been resolved since then, despite recent claims to the contrary [93] .
VI. SUPERCONDUCTIVITY IN ALLOYS AND SIMPLE COMPOUNDS
Essentially all elements, whether superconducting or not, make superconducting alloys and compounds when combined with one or two other elements. The large majority of these superconductors are believed to be conventional superconductors.
A large number of superconducting alloys have been investigated, as surveyed by Matthias, Geballe and Compton [94] . Alloys can have T c 's that are higher or lower than those of its constituents. For example, addition of 20 − 30% Zr (T c = 1.1K) to N b (T c = 9.2K) raises its critical temperature to 11K, while 8% of Sn dissolved into N b lowers its T c to 5.6K. It is often the case that the T c of an alloy bears little relation with that of its constituting elements, for example, 30% W (T c = 12mK) dissolved in P t (non-superconductor) is superconducting with T c = 0.40K, 25% of Re (T c = 1.4K) in W raises its T c to 4.2K, etc. Thousands of intermetallic compounds as well as carbides, nitrides, oxides, sulfides, hydrides, etc, in a large variety of different crystal structures have been studied and many found to be superconducting. References [25, 95, 96] survey many of these materials.
One such simple class is that consisting of binary compounds with a metallic and a non-metallic atom forming a sodium-chloride structure. Another simple class are binary intermetallic compounds with a cesium-chloride structure. Other examples are Laves phases, metallic AB 2 type compounds in cubic or hexagonal structures, several of which are superconducting. Examples of these compounds, as well as of technologically important substitutional alloys with the bcc structure, with their T c 's and values of the upper critical field, are shown in Table  IV .
There have been several calculations and predictions of critical temperatures of such simple compounds based on the BCS-Eliashberg formalism, with mixed success. For example, for V N , N bN and T aN , first principles calculations yielded [97] T c's 19.7K, 17.1K and 14.6K, in reasonable agreement with the experimental values 9, 25K, 17K and 8.9K. However, using the same methodology it was predicted [98] that M oN if it formed in the sodium-chloride structure would have a surprisingly high T c ∼ 29K. When experimentalists succeeded in stabilizing this structure in M oN films, the superconducting transition temperature was found to be only around 3K [99] . It was proposed that the discrepancy might be due to the presence of substantial disorder in the films [97] . More recent calculations for N bC, N bN and N bC 1−x N x alloys [100] found that Fermi surface nesting and the associated Kohn anomaly greatly increases the electronphonon coupling thus accounting for the relatively high T c of these materials.
For the carbides N bC, T aC, and Hf C first principles calculations yielded [101] T c values 10.8K, 9.6K and 0, in good agreement with the experimental values 11.1K, 11.4K and 0. A more recent calculation for a variety of carbides found that Fermi surface nesting plays a significant role in enhancing T c [102] .
For the cubic Laves phase compounds ZrV 2 , ZrCo 2 , and ZrF e 2 , first principles calculations of the superconducting transition temperatures [103] yielded the values 17K, 0K and 9K, for experimental values 9K, 0K and 0K. The discrepancy for ZrF e 2 is explained by the fact that the material is a ferromagnet while in the calculation a paramagnetic state is assumed.
VII. BEYOND BCS THEORY
While the BCS-Eliashberg formalism can often account for observed critical temperatures through detailed calculations as reviewed above, it does not provide simple criteria to understand why critical temperatures are sometimes high, sometimes low, and sometimes zero, neither for the elements, alloys and simple compounds dis- As discussed elsewhere in this Special Issue [26] , B. Matthias proposed certain rules ("Matthias' rules") to understand the behavior of T c in alloys of transition metals [105] , pointing out that the critical temperature appears to depend solely on the average number of electrons per atom (e/a ratio). An explanation of this e/a dependence based on conventional BCS theory is given in Ref. [106] , and an alternative explanation is proposed in Ref. [107] . Matthias also noted that simple cubic and hexagonal structures are favorable for superconductivity [108] . See ref. [26] for further discussion. Another Matthias' insight, that may [35, 109] or may not [110] be related to BCS theory, was that [111] "Crystallographic instabilities seem to be a necessary condition for high superconducting transition temperatures in multicomponent phases".
As mentioned in the introduction, among the earliest superconducting compounds investigated were CuS and P bS (see table I ). In 1932, Kikoin and Lasarew pointed out [112] that the Hall coefficient of these materials was particularly small, compared to that of other similar semiconductors that were not superconductors. They wondered whether the small value of the Hall coefficient was related to the existence of superconductivity.
Tabulating the values of R (Hall coefficient) and Rσ (σ = electrical conductivity) for several superconducting elements and some binary compounds known at the time, they found that superconductivity was strongly correlated with small values of R and particularly with small values of Rσ.
Later, Linde and Rapp pointed out [113] that for many non-transition metal alloys the critical temperature increases as the Hall coefficient decreases as a function of composition, at the same time as the electron-phonon coupling as inferred from the temperature derivative of the resistivity is increasing. Examples of these systems are AuGa, AuAl, AuGe, AuZn, AuSn and AuIn. In 25 out of 27 alloy systems considered they found this correlation.
In a series of papers, Chapnik pointed out [114] [115] [116] [117] that in fact superconductivity is correlated with a positive sign of the Hall coefficient in a large number of elements, alloys and compounds. For example, he pointed out that Au and P d − Ag alloys with a cubic crystal structure (usually favorable to superconductivity) and a negative Hall coefficient are not superconducting [118] . Chapnik explained the observation of Linde and Rapp with a two-band model where the decrease of R pointed out by Linde and Rapp would result from an increasing hole concentration.
One of the present authors examined correlations between 13 normal state properties of elements and superconductivity [119] from a statistical point of view. It was found that properties assumed to be important within BCS theory rank low in predictive power regarding whether a material is or is not a superconductor. Instead, properties with highest predictive power in this respect were found to be bulk modulus, work function and particularly Hall coefficient as pointed out by Chapnik. These properties play no special role within BCS theory. The correlation of T c with Hall coefficient for the elements is shown in Fig. 7 .
Another early empirical observation was made by Meissner and Schubert [5, 120] . They pointed out that the volume per valence electron (the difference between the atomic and ionic volume, divided by the number of conduction electrons per atom) is particularly small in superconducting elements compared to nonsuperconducting elements, with the smallest values associated with the highest transition temperatures. It is interesting that this criterion gives a qualitative understanding for why high critical temperatures are often achieved under high pressures, as discussed in several other papers in this Special Issue.
VIII. SUMMARY AND DISCUSSION
In this article we gave a brief review of superconductivity in elements, alloys and simple compounds at ambient pressure. These materials are generally believed to be described by the conventional BCS-Eliashberg theory, with the superconductivity caused by an effective electronelectron attraction resulting from the electron-phonon interaction, that overcomes the repulsive Coulomb interaction between electrons. The resulting superconducting state is s-wave, and the magnitude of the critical temperature is limited by the fact that phonon energy scales are much lower than electronic energy scales. The same theoretical framework is generally believed to explain why many elements, alloys and simple compounds do not become superconducting at any temperature.
However, this raises the question: why are none of the non-conventional mechanisms proposed to apply to other classes of materials discussed in this Special Issue operative in the class of superconductors discussed in this article?
For example, it has been argued that spin fluctuations induced by strong Coulomb repulsion prevent conventional superconductivity from occurring in Sc and P d [121] . Why isn't a spin-fluctuation mechanism [122] proposed to be operative in several of the other classes of materials discussed in this Special Issue such as cuprates, pnictides, heavy fermions, Pu compounds, layered nitrides, organics, cobaltates and Sr 2 RuO 4 , operative in Sc and P d and gives rise to superconductivity in them or in alloys or simple binary compounds with Sc or P d as one of the components? Or, why doesn't the s± mechanism proposed to operate in iron pnictides operate in simple compounds that also have both hole-like and electron-like pieces to the Fermi surface?
We suggest that the question why none of the elements, alloys and simple compounds can take advantage of any of the non-conventional mechanisms operating in other materials is worth pondering, and that finding its answer could significantly advance our understanding of superconductivity in materials.
We also suggest that given the significant advances that have taken place in recent years in first principles calculations of electronic properties of materials [93, 123, 124] , it should be possible using BCS-Eliashberg theory to better account for the T c 's measured in elements, alloys and simple compounds, as well as the nonexistence of superconductivity in many of these materials, than what was recounted in Sects. III and IV. For example, the theory is claimed to reproduce the T c = 39K of M gB 2 from first principles to within 10% without adjustable parameters [125] [126] [127] [128] , in rather complicated calculations where anharmonicity and anisotropy of the phonon spectrum is fully taken into account. It should be simpler and at least as successful to apply these techniques to elements and simple compounds. For a handful of elements and simple compounds this has recently been done and claimed to successfully reproduce the measured T c 's [93, [128] [129] [130] . It should be systematically done for many elements and simple compounds. For example, can these methods reproduce the non-existence of superconductivity in the early and late transition metal series (e.g. Sc, Y , P d, P t) and the extremely low T c of Li without additional ad-hoc assumptions such as a large µ * as was done in the past [78, 79, 121, 131] ? Can one computer program designed to calculate T c of binary compounds forming a cubic N aCl structure such as the ones listed in Table IV , compute the critical temperature (including T c = 0) of binary compounds in such a structure by simply entering Z 1 , Z 2 and a, the atomic number of each constituent and the lattice constant, with no further adjustments? Approximate agreement with experiment for dozens of such elements and compounds would be an impressive validation of BCS-Eliashberg theory as the correct theory for the description of the superconductivity of conventional superconductors. On the other hand, significant disagreement would suggest that something is amiss with the present understanding of the validity of BCS-Eliashberg theory to describe superconductivity in simple materials [132] .
